ABSTRACT
M
ycobacterium tuberculosis is still a major health threat in nonindustrialized countries. Worldwide 1.5 million people die each year due to tuberculosis, and the rising number of multiresistant strains requires the development of new antibiotics (1) . The great success of the pathogen is based on its ability to persist inside the human host for decades or even lifelong. Persistence is characterized by a substantial reduction of the bacterial metabolism, accompanied by low ATP levels and little or no replication (2) . Therefore, a major point of interest in tuberculosis research is the adaptation of the central carbon metabolism of M. tuberculosis to the human host. During chronic infection, the metabolism of M. tuberculosis mainly depends on ␤-oxidation of fatty acids, which was first observed by Bloch and Segal in 1956 , who demonstrated that M. tuberculosis isolates from infected mice prefer fatty acids over glycolytic substrates (3) . This observation has been confirmed by additional studies, showing that the genome of M. tuberculosis encodes a high copy number of genes involved in ␤-oxidation (4), of which a significant amount is induced during the infection of mouse macrophages (5) and human patients (6) . Furthermore, mutant strains impaired in the acquisition (7) or utilization (8) of fatty acids are attenuated in mice. Thus, lipids and fatty acids derived from vacuolar membrane components present a major carbon source during infection. Current studies suggest that the energy sources acquired and metabolized by M. tuberculosis are more diverse and besides fatty acids include cholesterol (9) , carbohydrates (10) , and amino acids (11) (12) (13) . These different carbon substrates can be cometabolized (14) and might indicate that access to nutrients is not as limited as previously thought. Considering these aspects, our study will focus on the metabolism of the organic acid acetate and thereby contribute to our current knowledge about the diversity of carbon utilization in M. tuberculosis.
Acetate is the anion of a short-chain fatty acid, which can be found in small amounts in the tissue extracts of organs and in the serum of healthy mice (15) . Metabolic analysis of the granulomas of guinea pigs revealed that besides lipid components, different amino acids and organic acids, such as acetate, accumulate during an M. tuberculosis infection (16) . Although it is generally believed that most of the detected metabolites are derived from the metabolism of the host, they might also be produced by the pathogen itself. That acetyl coenzyme A (acetyl-CoA) is a main product of fatty acid degradation led us to hypothesize that the accumulating acetate might be formed in the course of acetyl-CoA processing by M. tuberculosis. Evidence for acetate formation by M. tuberculosis is provided by the presence of two genes that are homologous to phosphotransacetylase (Pta) and acetate kinase (AckA) in Escherichia coli (4) . For E. coli, it is known that acetate formation occurs in the absence of oxygen, when tricarboxylic acid (TCA) cycle activity is downregulated and carbon flow is directed through fermentative pathways (17) . However, M. tuberculosis is characterized as a nonfermentative pathogen. Nonetheless, acetate might be generated in a process called the Crabtree effect. In this process, excess glycolytic substrates inhibit the respiration and the TCA cycle under aerobic conditions (18) . Thus, acetate might be produced as a by-product during growth of M. tuberculosis on excess carbon substrates, when flow in the TCA cycle is limited (19) .
Acetate production leads to the regeneration of coenzyme A, the redirection of carbon flux to relieve the TCA cycle, and ATP generation by substrate-level phosphorylation (20) . On the other side, secreted acetate might accumulate in the environment. This process might be subsequently followed by diffusion of acetate across the membrane, leading to a toxic acidification of the cytoplasm (21) . Thus, the reuptake of the previously secreted acetate and its incorporation into the central metabolism enable M. tuberculosis to remove a potentially toxic compound and provide an additional carbon source for the pathogen. Actually, whether M. tuberculosis is able to produce acetate is unknown, while M. tuberculosis assimilation of acetate from the medium has already been described (22) . The pathways by which M. tuberculosis activates acetate to acetyl-CoA are rather undefined. In this study, we show that, depending on the carbon diet, M. tuberculosis is able to generate and secrete acetate, and we examine the pathways involved in both acetate dissimilation and assimilation. To make a contribution to our current understanding of the carbon metabolism of M. tuberculosis, we analyzed the potential function of acetate metabolism during consumption of different carbon sources.
MATERIALS AND METHODS

Strains and media. For acetate formation experiments, M. tuberculosis
H37Rv (ATCC 25618) and its derivative mutant strains were grown in Middlebrook 7H9 liquid medium (Difco Laboratories, Detroit, MI) supplemented with 0.5% bovine serum albumin (BSA) fraction V (Applichem, Darmstadt, Germany), which contains 1% fatty acids, 14 mM sodium chloride, and 0.05% Tween 80. To analyze growth in a fatty acid-free medium, BSA containing less than 0.01% fatty acids (Applichem, Darmstadt, Germany) was used, and Tween 80 was replaced by 0.05% tyloxapol. Glucose, glycerol, fatty acids, or pyruvate was added as a carbon substrate at the indicated concentrations. Middlebrook 7H10 agar supplemented with 5.8 mM sodium chloride, 0.2% bovine serum albumin fraction V, 4.4 mM glucose, 50 mM glycerol, 0.0001% catalase, and 0.06% oleic acid was used as the solid medium. Acetate assimilation experiments were performed in a chemically defined medium containing 7.3 mM KH 2 PO 4 , 17.6 mM Na 2 HPO 4 , 190.8 M ferric ammonium citrate, 2 mM MgSO 4 , 3.4 M CaCl 2 , 0.35 M ZnSO 4 , 50 mM asparagine, 0.05% tyloxapol, and acetate as the carbon source at the indicated concentrations (9) . Additionally, for culture of complemented strains, 50 g/ml hygromycin B was supplied. For experiments, cells were grown to the mid-log phase (optical density at 600 nm [OD 600 ] of 0.5 to 0.8) in 7H9 medium containing 10 mM glucose and 50 mM glycerol, washed twice in the respective broth without an additional carbon source, and then diluted to an initial OD 600 of 0.05 in fresh medium supplemented with the carbon substrates indicated for the experiment. Cultivation under well-aerated, fast-growth conditions was performed in flasks with a headspace/medium ratio of 3:1 at 70 rpm and 37°C, while cultivation under slow-growth conditions was performed in standing 15-ml polystyrene tubes with conical bottoms (Greiner Bio-One) with a headspace/medium ratio of 1:2. For acetate detection and survival assays, samples were taken at the indicated time points, and serial dilutions were plated on 7H10 agar plates to determine the CFU.
Generation and complementation of ⌬ackA, ⌬pta, and ⌬acs deletion mutants in M. tuberculosis. By screening a genomic cosmid library (23) via colony blot analysis, subgenomic fragments containing the ptaackA operon or acs gene were isolated and utilized for further cloning. The M. tuberculosis strains ND1 (⌬ackA), ND7 (⌬pta), and ND9 (⌬acs) were generated via homologous recombination (24) in M. tuberculosis H37Rv. pta (Rv0408), ackA (Rv0409), and acs (Rv3667) deletions with flanking regions of ϳ1,000 bp were inserted into a suicide plasmid pYUB657 (24) containing a hygromycin resistance cassette for positive selection and the sacB gene, encoding a levansucrase, for negative selection. Following transformation of M. tuberculosis, hygromycin-resistant clones were isolated and tested for cointegration of the plasmid containing a defective copy of either ackA, pta, or acs. Subsequently, bacteria were grown to the late log phase without selective pressure, and clones that had undergone double crossover were selected on agar plates containing 2% sucrose. ND1 (⌬ackA), contains an unmarked 666-bp deletion from bp 494599 to 493932 within the ackA gene; ND7 (⌬pta), contains an unmarked 1,621-bp deletion from bp 493415 to 491794 within the pta gene, and ND9 (⌬acs) contains an unmarked 897-bp deletion from bp 4108657 to 4109553 within the acs gene. The resulting mutant strains were validated by Southern blots (see Fig. S1 in the supplemental material). Polar effects of the pta deletion on ackA were examined through enzyme activity assay of AckA function (Table 1) . Polar effects of the ackA or acs deletions are unlikely because there are no downstream genes transcribed from the same strand.
ND1 (⌬ackA) and ND7 (⌬pta) were complemented with an integrating plasmid vector, pMV306 (25) , which carries pta and ackA and upstream an additional 2,000-bp genomic fragment with the putative promoter region. Complemented mutant strains are indicated by ⌬pta:: pND11 ϩ and ⌬ackA::pND11 ϩ , respectively. Quantification of substrates and products. For high-pressure liquid chromatography (HPLC) measurements, culture samples were centri- (26) . The separation was performed at a flow rate of 0.5 ml min Ϫ1 at 45°C. The detection of the analytes was performed by refractive index and UV absorbance (210 nm). Quantification was carried out via external standards.
In addition, acetate formation during growth on diverse carbon substrates was enzymatically detected using the acetate kit from r-biopharm (Darmstadt, Germany). Therefore, 1-ml samples of the culture were centrifuged for 5 min at 16,200 ϫ g, and the supernatant was used as the substrate for acetate detection.
Pta and AckA activity assays. M. tuberculosis was grown under wellaerated conditions to an OD 600 of 1.5 to 2.0. The cultures were washed twice in washing buffer (50 mM Tris-HCl [pH 7.0]), resuspended in 0.75 ml buffer (50 mM Tris-HCl [pH 7], 10 mM MgCl 2 , 1 mM EDTA, 1 mM dithiothreitol [DTT], 30% glycerol), and transferred into a lysing matrix B tube (MP Biomedicals, Santa Ana, CA). The cells were homogenized in five steps for 25 s in a Mini-Beadbeater-8 (BioSpec Products, Bartlesville, OK) and were chilled on ice for 5 min after each run. Homogenates were then centrifuged for 10 min at 16,200 ϫ g. The supernatant was used for the enzymatic activity assay. Enzyme activity was normalized against total protein. The total protein concentration was determined using absorbance measurement at 595 nm after incubation with a dye reagent concentrate (Bio-Rad Laboratories GmbH, Munich, Germany).
Phosphotransacetylase activity was measured while converting acetylphosphate into acetyl-CoA as previously described (27) . One hundred micrograms of protein of the whole-cell lysate was used in 1 ml reaction buffer (100 mM Tris-HCl [pH 8], 5 mM MgCl 2 , 0.5 mM NAD, 5 mM malic acid, 10 mM acetyl-phosphate, 0.5 mM CoA, 45 U malate dehydrogenase [Sigma], 5 U citrate synthase [Sigma] ). The absorbance at 340 nm was monitored for 6 min. One unit of Pta activity corresponds to 1 mol acetyl-CoA production per min at 25°C.
Acetate kinase activity was measured as described previously (28) . The reaction mixture contained 100 mM Tris-HCl (pH 7.4), 5 mM ADP, 10 mM MgCl 2 , 5.5 mM glucose, 1 mM NADP, 2 mM DTT, 6 U hexokinase, 3 U glucose-6-phosphate-dehydrogenase (Sigma), and 25 g protein from the whole-cell lysate. The absorbance at 340 nm was monitored for 3 min in the reaction mixture without substrate. Subsequently, acetyl-phosphate was added to a final concentration of 20 mM, and production of NADPH was again detected at 340 nm. One unit of acetate kinase activity was considered to transform 1 mol of acetyl-phosphate per min at 25°C.
RESULTS
Growth on fatty acids induces acetate formation in M. tuberculosis.
Acetate production can be found in different bacteria, mostly as a consequence of mixed acid fermentation. In contrast to E. coli, M. tuberculosis is considered to be a nonfermentative organism. Indeed, genes involved in classical fermentative pathways are lacking in the genome of M. tuberculosis (4) , and products of fermentation such as lactate and formate have not been reported for M. tuberculosis so far. Furthermore, the ATP synthase is essential in mycobacteria, whereas in bacteria that are capable of fermentation, respiratory ATP production is often dispensable (29) . However, besides during fermentation, E. coli also produces acetate in the presence of large amounts of glycolytic substrates. Thus, we determined whether the concentration of glycolytic carbon substrates such as glucose and glycerol had an impact on acetate formation. No induction of acetate production was observed in the presence of small amounts of glycolytic substrates, but increasing the glucose concentration stimulated at least the formation of low levels of acetate (Fig. 1) . A metabolite directly leading to the generation of acetyl-CoA is pyruvate. When pyruvate was offered as a carbon substrate to growing M. tuberculosis cells, high levels of acetate were detected in the supernatant of the culture. As the pyruvate concentration in macrophages and inside granulomas is considered rather low (15, 16) and is most likely not a physiological carbon source for M. tuberculosis, we analyzed whether growth on fatty acids would also result in acetate secretion. In principle, acetyl-CoA and to a lesser extent propionylCoA are generated in the course of ␤-oxidation of fatty acids, turning fatty acids into a potential source for acetate formation. The supplementation of the medium with either odd-or evennumbered fatty acids induced acetate production in M. tuberculosis (Fig. 1) . The length of the respective fatty acid had only a minor impact on acetate formation, as caprylic acid (C 8 ) had nearly the same potential to stimulate acetate generation as lauric acid (C 12 ), myristic acid (C 14 ), stearic acid (C 18 ), or arachidic acid (C 20 ). In To analyze the impact of excess carbon substrates on acetate formation, substrates were supplied in low (0.175 to 2 mM) and high (25 to 50 mM) concentrations to the medium, and the resulting acetate production was detected in the supernatant at the indicated time points. Each bar represents the mean of three independent experiments; error bars indicate the standard deviation (SD). Fig. S2 in the supplemental material, growth curves for up to 10 days are shown to follow the multiplication rates of bacilli at various carbon sources and concentrations.
As it turned out that fatty acids effect acetate secretion in M. tuberculosis, we also tested for acetate production in a less rich medium, which contained a BSA formulation free of fatty acids and tyloxapol, a nonhydrolyzable detergent, instead of Tween 80 (see Fig. S3 in the supplemental material) . The experiment confirmed that acetate secretion is induced during growth on pyruvate and fatty acids, although acetate levels were reduced in comparison to levels obtained from bacilli cultured in the richer standard medium. This also shows that M. tuberculosis indeed utilizes fatty acids from BSA or Tween 80 to generate acetate. Thus, acetate production seems to depend on the presence of certain carbon substrates, with M. tuberculosis directing a part of the carbon flux toward acetate generation.
Reduced respiration has a major impact on acetate production in bacteria such as E. coli and Bacillus subtilis (17, 30) . Inside granulomas, M. tuberculosis is also confronted with limited oxygen saturation, resulting in downregulation of NDH-1 and reduced oxidative phosphorylation mediated by NDH-2 (31). To determine the impact of oxygen limitation on acetate production, we compared levels of acetate secretion by M. tuberculosis at high growth rates (shaken cultures with a high headspace/medium ratio) or under slow-growth conditions (standing cultures with a low headspace/medium ratio). Pyruvate, which proved to be the best inductor of acetate formation, was offered as the carbon source under both culture conditions. Under slow-growth conditions, M. tuberculosis secreted only small amounts of acetate to the supernatant (Fig. 2) . In contrast, a higher growth rate was associated with higher levels of acetate secretion. In accordance with acetate production, slow growth corresponded to reduced pyruvate assimilation, whereas pyruvate was rapidly consumed in fastgrowing cultures. In fast-growing cultures, M. tuberculosis started to assimilate the previously secreted acetate when pyruvate levels dropped.
Acetate production increased under both slow-and fastgrowth culture conditions when higher levels of pyruvate were supplied to the bacteria, indicating that acetate is released in an overflow reaction. In bacteria such as E. coli or Staphylococcus aureus, carbon overflow occurs as a consequence of an imbalance in carbon uptake, energy production, and biosynthesis (32, 33) . To substantiate the idea that acetate formation might serve as a metabolic outlet, we cultivated M. tuberculosis under slow-growth conditions supplemented with heptadecanoic acid and inhibited the activity of isocitrate lyase (Icl1), a key enzyme of the glyoxylate shunt. The inhibition of the Icl1 was achieved by the addition of itaconate. Through inhibition of the glyoxylate shunt, M. tuberculosis loses the ability to grow on C 2 substrates derived from fatty acid catabolism, due to the lack of anaplerotic precursors (34) . The reduced growth in the presence of itaconate was accompanied by higher levels of acetate detected in the supernatant (Fig. 3) . This observation indicates that carbon flow is directed to acetate formation when flow through the glyoxylate shunt is blocked.
Acetate dissimilation is mediated by the Pta-AckA pathway. To further characterize the role of acetate metabolism in M. tuberculosis, we analyzed the pathway responsible for acetate generation. A pathway commonly used by such bacteria as E. coli, Pseudomonas aeruginosa, and S. aureus (35) (36) (37) (38) involves the pta gene, encoding the phosphotransacetylase, and the ackA gene, encoding the acetate kinase. The genome of M. tuberculosis possesses homologous copies of these two genes. To determine whether both enzymes are functional in M. tuberculosis and mediate acetate formation from acetyl-CoA, we generated knockout strains and performed enzyme activity assays. The enzyme activities were detected in crude cell extracts from M. tuberculosis cultured on 50 mM pyruvate to stimulate acetate formation. We found that the wild-type strain exhibits phosphotransacetylase and acetate kinase activities, while the ⌬pta strain lacked phosphotransacetylase activity, and the ⌬ackA strain lacked acetate kinase activity ( Table 1) . The enzymatic activities of the knockout mutants were restored in complemented strains. To determine whether the Pta-AckA pathway is involved in acetate formation detected during growth on fatty acids, we measured the acetate secretion in the knockout strains cultured in the presence of heptadecanoic acid. Acetate production in both strains lacking either the pta or the ackA gene was reduced during growth on fatty acids (Fig. 4) . Interestingly, the formation of acetate in the knockout strains was not completely abolished. Residual acetate accumulation might be due to additional pathways involved in acetate formation. In Corynebacterium glutamicum, two enzymes, the pyruvate oxidase, Pqo, and a CoA transferase, CtfA, convert pyruvate or acetyl-CoA, respectively, into acetate (39, 40) . However, neither of the two enzymes has homologues in the annotated genome sequence of M. tuberculosis (4) .
The role of the Pta-AckA pathway in acetate assimilation. When carbon sources become limiting, E. coli starts to assimilate previously secreted acetate. This process is called "acetate switching" (41) . We observed that acetate was consumed from the medium of aerobically growing M. tuberculosis when extracellular pyruvate became exhausted (Fig. 2) . To analyze the impact of the Pta-AckA pathway on acetate assimilation, the M. tuberculosis wild type and the mutant strains deficient for Pta or AckA activity were grown in minimal medium supplemented with acetate as the sole carbon substrate. Interestingly, the ⌬pta and the ⌬ackA knockout strains developed different growth phenotypes, although Pta and AckA belong to the same metabolic pathway. The growth of the ackA mutant was attenuated in the presence of acetate as the sole carbon source, while growth of the pta mutant was completely abolished (Fig. 5) . The observation that an M. tuberculosis strain deficient for AckA activity is still able to utilize acetate as a carbon substrate, although to a minor extent, indicates that M. tuberculosis possesses additional pathways for the activation of acetate. Additional pathways in acetate formation are known for E. coli, which produces acetate by the acetyl-CoA synthetase (Acs) reaction from acetyl-CoA. A recent publication revealed that M. tuberculosis H37Rv wild-type strain (WT), the ⌬ackA and ⌬pta mutant strains, and the complemented strains were grown in standing cultures for 10 days, and 0.25 mM heptadecanoic acid was supplied as carbon substrate. The influence of pta or ackA deletion on acetate dissimilation was analyzed by acetate detection in the supernatant of the knockout (KO) strains. The data represent the mean from three independent experiments; error bars indicate the SD.
FIG 5
The role of Acs and the Pta-AckA pathway in acetate assimilation. To analyze acetate utilization in M. tuberculosis, the wild type (WT), ⌬ackA, ⌬pta, and ⌬acs mutant strains, and complemented strains were grown for 10 days under fast-growth conditions. Acetate at 10 mM was supplied as the sole carbon substrate to the minimal medium, and growth was determined via optical density. The data represent the mean from three independent experiments; error bars indicate the SD.
tuberculosis possesses a functional Acs that is involved in acetylation of various proteins (42) . Thus, conversion of acetate to acetylCoA by Acs might also have a role in utilization of acetate as a carbon source. Therefore, a ⌬acs knockout strain was generated and analyzed for growth on acetate (Fig. 5) . The ⌬acs mutant was attenuated in growth in the presence of acetate as the sole carbon source and showed the same intermediate phenotype as the ⌬ackA mutant strain. Thus, acetate is activated by at least two independent pathways: the Acs pathway and the AckA-Pta pathway.
The inability of the ⌬pta knockout strain to convert acetate into biomass, although possessing an active acetate-activating Acs pathway, indicates a toxic effect of the accumulating intermediate acetyl-phosphate. Acetyl-phosphate is a high-energy form of phosphate and plays a crucial role in substrate phosphorylation and signal transduction (43) . Abnormal regulation of signal molecules might account for the inhibitory effect of excess acetylphosphate (44) . To analyze the impact of acetyl-phosphate on growth of M. tuberculosis, the wild type was cultured in medium supplemented with acetyl-phosphate (Fig. 6 ). In the presence of acetyl-phosphate, the growth of the wild-type strain was initially impaired, although growth later resumed. Resumption of growth was most likely caused by the functional phosphotransacetylase of the wild-type strain. Thus, the conversion of acetyl-phosphate to acetyl-CoA diminishes the inhibitory effect of acetyl-phosphate. These data suggest that the Pta-AckA pathway might be involved in the maintenance of the acetyl-phosphate pool and emphasize the role of the Pta-AckA pathway in acetate assimilation.
DISCUSSION
In most bacteria, acetate is produced during mixed acid fermentation under anaerobic conditions or in carbon overflow during aerobic growth on excess glycolytic substrates. These characteristics of acetate production in other bacteria cannot be applied to the physiological situation of M. tuberculosis. Inside the human granuloma, M. tuberculosis faces hypoxic conditions, which promote redox stress by an intracellular increase of the NADH/ NAD ϩ ratio. However, in contrast to E. coli, M. tuberculosis does not regenerate its NAD ϩ pool by mixed acid fermentation. M. tuberculosis lacks the classic fermentative pathways. Succinate secretion is an exception (45, 46) . Whether succinate is the product of fermentation is still debated. Previous studies demonstrated that M. tuberculosis generates elevated amounts of succinate during growth under hypoxia (45, 46) . The reductive branch of the TCA cycle, which includes the reduction of fumarate to succinate, might serve for regeneration of NAD ϩ (45). However, a subsequent study suggested that succinate is more likely the product of an elevated carbon flow through the glyoxylate shunt, and its secretion is substantial to balance membrane potential (46) .
As acetate production in M. tuberculosis is performed in a nonfermentative manner, it might result from carbon overflow. In exponentially growing E. coli cells cultured in the presence of excess glucose, carbon units are secreted as acetate (19) . Inside the phagosome of the macrophage or inside granulomas, the access to high glucose concentrations is restricted. Data about the metabolic composition of the M. tuberculosis-containing vacuoles inside macrophages are lacking, but mass spectrometry analysis determining the metabolic pool in the granulomas of guinea pigs have been performed (16) . The detected levels of glucose or intermediates of the glycolysis were rather low, while free amino acids, organic acids, and lipid components accumulated during infection. These findings reflect the current concept about carbon sources utilized by M. tuberculosis in vitro and in vivo (47, 48) . The low level of glycolytic substrates indicates that acetate formation in M. tuberculosis might rely on other carbon sources than glucose. Lipids and fatty acids are considered to be the main carbon sources during in vivo growth, at least in the latent phase of infection. In this study, we demonstrated that growth on fatty acids results in the formation of acetate and might therefore be the original stimulus for acetate formation.
Usually, M. tuberculosis prefers to store fatty acids in form of lipid bodies. In vitro, nonreplicating M. tuberculosis uses externally provided fatty acids to generate lipid bodies (49) . Inside lipidloaded macrophages, the pathogen acquires fatty acids from hydrolyzed cellular lipids and forms lipid inclusions, which act as an internal carbon storage (50) . Thus, fatty acids stored in lipid bodies are not synthesized de novo but originate from the environment (50) . Whether excess carbon units during growth on fatty acids are used for de novo fatty acid synthesis is unclear, yet fatty acid synthesis is an energy-consuming process (51) . Thus, in the in vivo situation, M. tuberculosis might use host-derived fatty acids to generate lipid bodies and at the same time might perform ␤-oxidation of fatty acids to fuel the central carbon metabolism. Under these conditions, excess carbon units are probably not used for energy-consuming de novo synthesis of fatty acids but are rather secreted in the form of acetate.
To demonstrate that acetate is produced as a consequence of carbon overflow, we designed an experiment in which carbon flow from fatty acids via the glyoxylate shunt was blocked. Utilization of the inhibitor resulted in attenuated growth and increased secretion of acetate to the medium. An imbalance in carbon uptake and biomass formation probably caused a release of excess carbon substrates in the form of acetate. It is noteworthy that the chemical inhibitor itaconate that we used in this study is naturally produced in activated macrophages by IRG1 (52) . Thus, it is intriguing to speculate that the inhibitory effect of itaconate on intracellular M. tuberculosis might contribute to increased acetate formation and acetate accumulation detectable in granulomas (16) .
While analyzing different carbon sources for their potential to stimulate acetate formation, we found that M. tuberculosis secreted the highest concentrations of acetate in the presence of pyruvate. Studies on the phosphotransacetylase of E. coli revealed that pyruvate has a stimulatory effect on Pta (53) . Pyruvate, which is generated through glycolysis, activates the Pta enzyme in an allosteric manner, providing E. coli with the ability to convert excess carbon units in acetate. High glycolysis rates are not observed during chronic M. tuberculosis infection (54) , and even under in vitro conditions, the supply of large amounts of glucose or glycerol had nearly no effect on acetate production. The uptake of glucose might be the limiting step (55, 56) . Thus, a low flux through the glycolytic pathway may avoid pyruvate accumulation and thereby minimize carbon overflow by production of acetate via the Pta-AckA pathway. In contrast, feeding of pyruvate as a carbon source to M. tuberculosis might result in high intracellular pyruvate levels and thus could explain the large amount of acetate production that we observed in our study.
Once the concentration of supplied pyruvate was consumed to a critical level, the previously secreted acetate was assimilated by M. tuberculosis. The ability of M. tuberculosis to assimilate acetate is a well-known fact. Indeed, in several studies M. tuberculosis was grown on acetate as the sole carbon source to simulate carbon flux during growth on fatty acids (57, 58) . The pathways involved in acetate activation have not been completely characterized. By generating knockout strains, we were able to demonstrate that at least two pathways, the Pta-AckA pathway and the Acs reaction, are involved in acetate activation in M. tuberculosis. Although a lot of effort has been made to describe acetate-dissimilating pathways in different bacteria (35, 37, 59) , so far, redundancy of acetate-activating pathways has been described only for E. coli. The presence of two different pathways to assimilate acetate is intriguing. These findings might indicate that acetate could serve as a carbon source and maintain metabolism in a carbon-limited environment, although the relevance of acetate activation during an M. tuberculosis infection is difficult to ascertain because of the multiple carbon sources available at the infection site. Thus, acetate might represent one carbon substrate that is cometabolized among others during the infection. Compartmentalized cometabolism has recently been described for M. tuberculosis (14) , demonstrating that a carbon repression system is missing in M. tuberculosis and instead different carbon substrates are catabolized simultaneously.
The Pta-AckA pathway not only is a valuable release of excess carbon units, but it also is involved in the maintenance of the acetyl-phosphate pool. Acetyl-phosphate is a high-energy substrate that stores phosphate residues. As acetyl-phosphate is used as a substrate to phosphorylate proteins, it is supposed to be a global signal molecule. Phosphorylation of response regulators of two-component signal transduction systems by acetyl-phosphate has been described for numerous systems in various organisms (20) . For M. tuberculosis, it was demonstrated that the response regulator MprA is phosphorylated in the presence of acetylphosphate (60) . MprA/MprB is a two-component system that is involved in the establishment and maintenance of the latent infectious state (61) . This observation directly links the acetylphosphate level in the cytosol to dormancy control. Thus, intracellular accumulation of acetyl-phosphate might disturb global signal transduction and has a toxic effect on the cells (62, 63) , whereas lack of acetyl-phosphate might result in reduced phosphorylation of response regulators and thereby in altered gene expression. The inability of the ⌬pta knockout strain to grow in the presence of acetate might therefore result from an intracellular increase in the acetyl-phosphate.
As catabolism of fatty acids induces acetate production in vitro, the acetate overflow might be of biological relevance in vivo, as fatty acids are considered to be the major carbon source at the infection site. Published transposon site hybridization (TraSH) data from transposon mutant libraries revealed that acs, ackA, and pta were not essential for survival of M. tuberculosis in murine macrophages (64) or mice (65) . However, predictions of TraSH data studies are limited to strong phenotypes due the resolution and quantitative accuracy of the method (66) . Moreover, it seems reasonable that the balance of carbon uptake, biomass formation, and carbon release is dependent on different metabolic pathways. Thus, the potential for significance of the Pta-AckA pathway might be masked by redundant pathways. Finally, the in vivo relevance of the Pta-AckA pathway might be revealed only within the defined environment of a granuloma. Thus, it would be interesting to check for the survival of the knockout mutants in the guinea pig model, as the physiology of guinea pig granulomas is closer to that of structures in the human lung. That the access to nutrients might be more restricted inside the solid structure that is typical for granulomas in guinea pigs and fatty acid metabolism, including acetate secretion, becomes more important in this model. Indeed, acetate accumulation has been detected so far only in M. tuberculosis-infected guinea pigs (16) . In this study, we present for the first time that M. tuberculosis is able to generate acetate. Acetate secretion was dependent on the supplied carbon substrate. It was absent in the presence of glycolytic substrates but stimulated during growth on fatty acids. This process was mediated by the Pta-AckA pathway. Once other carbon substrates became limiting, acetate was reconsumed from the medium. Thus, we determined the pathway by which acetate is produced, and we demonstrated that the Pta-AckA pathway and the Acs reaction are redundant pathways for acetate activation.
